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ABSTRACT

Curves are presented giving the even mode fringing capacitance, the

odd -mode fringing capacitance. and the- difference between odd and even

mode fringing capacitances for wice range.i o, thickness and ipacinp of

rectangilar bars, enterud bet.weri -,,rallel plates y'lc formulap ar-

aiven relating these c arr tances to even and odd mode ch cia ii r tic
impedances of coupled reccangular buiii Possible applications to strip-

line -rd rnt! . '. , , . . , .,c i. ,

An npesdix gives the derivation of the fringing capacitances by con

form I mapping tec1,j.,4ucs Tbe results are exact for bars extending in

width infinitely far from the coupling region, and ha'e only small error

(less than 1.24 percent) for bars whose width is greater than about

35 percent of the difference between plate spacing and bar thickness

Souje previous work for the Signal Corps done at Stanford liesearch

Institute presented design theory for lower or upper sideband up-

converters for use as electronically tunable filters Such devices were

shown to hae wide tuning range capability when designed using a wideband

signal inpct impedance-matching filter, a moderately wideband pump input

impedance matching filter, and a natrow-band output filter Voltage con

trol of the tuning can be achieved Ly using a voltage tunable pump

oscillator, since the pump frequency will control the frequency that wilt

be accepted at the inrut of the amplifier A trial strip line lower.

sideband up conveiter was constructed using the previously deieloped theory

The mneasured 3-db bandwidth tuning range was 38.5 percent as compared to

40 percent for the design objectrve and the peak wai ,, *. ,, -c, , !:!

input band center was 946 Mc while the s deband output. was . -

The noise figure has not yet been measured but an esrimatt db

iMl
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I INTRODUCTION

Work on several preceding contracts, of which this present contract is

an extension, included the development of design techniques for the pre-

cision design of various types of couplers and filters using parallel-

coupled lines, Quarterly Progress Report 1 on this contract presented

various design data for filters formed from Prr. yv of parallel coupled

conductors, such as occur in interdirital line. One ve' attractive way

of ronstructing directional couplers or filters using such parallel-

coupled line structures is to have the individual lines consist of rec-

tangular birs -t-i, ,. e.e:i J:JL.vAi. L ground planes. The data presei.-

in Sec. II of this report make possible the precision design of such

rectangular-bar, paralln!-coupled lines. The data given will also be

useful for determining the capacitance of many other structures having

right-angle corners.

One of the problems being rtudied on this project is means for de-

signing electronically tunable microwave filters. In the past a study was

made of the feasibility of using variable-capacitance diodes as voltage

controlled capacitors in filter circuits. In principle one can use capac-

itors to obtain voltage-tunable filters, but our studies showed that

presently available capacitors have too low a Q to be of much use for

voltage-tunable microwave filters, though they should be useful at lower

frequencies.

Work is continuing on the use of ferrimagnetic resonance in yttrium-

iron-garnet resonators which provide means for designing filters that can

be tuned by varyiug a DC biasing magnetic field. This approach appears to

hold considerable pro i Se for electronic tuning appli-r'"ions at frequencies

around 2 Gc or above.

Some previous work on this project dealt with design t, .

vur'4ile-capacitsnce diode up-converters for use as electronically tunable

1lt..ra. The amplifier is tuned by adjusting the pump frequency, where

the :.:,mp oscillator would be of the voltage-tunable typ. Using the pre-

viously developed design theory, a luwei-videband up-co-ver,er ho- been

built and teated. The device and its measured periormdrace ov. dt'cribed

in Sec. Il.
, 1



11 COUPLED RECTANGULAR BARS BETWEEN PARALLEL PLATES

A GENERAL

In working with shielded strip line, xt. .s omtt ~rrns desirai'le to

couple center conductoryi having appreciable thti.knes' The -ross etion

of a typical SLTrU~ture of this type is shown ;tn Fig Hl-1 The-t- are two

parallel ground planes spaced a distrince b apn:, and Lwo rectigular bars

located t'arallel .D and midwAk, I*rw,;..: !it g-.VrAnd plane 1! is well

kiio wnl1'- that TEM p:3pagatxion along such a st.rur,ture can be descri.bed xn

terms of two orthogona! modes usually'aenotted the e-len mode and the odd,

m~'~b' 'rIv,i b-h ;.aie& cuonda--tois e:'- a7- 01ie same poteriL,.,

while in the odd mcdf th' t- :en~e- -onduccos ii:e. at -IV, ire potentials,
W!,1 respe. ' 1, Lhe V pi~nes Thes- -1kc TEM mite hiave di fferfent

,.harater~sti , ipedlan .s, whil r 1d I Rt. ruxi:e IY r e bu-.e d to kuhc static
a -:.tnes f'h basogoud Threse. :apa~itanes a-e given nonven.

tionaliy as paraile! pia-e :apo.ian-es b&:-w~i; ha: and gZ:Dur~d planes and

fixnging z-apacitanles frori --nd5 and cane-s of lhe ba-s, as irndicated

s-hpmarically -.n Fig. 11 1 Thi.s -epo~r. presents g:aphs of -:he fringing

capacitan-.es foi the twomodei fo- w-de ranges ofbar, rh,r kness and spa:ing.

t

FIG.HI!1 COUPLED RECTANGULAR BARS CENTERED BM WtEN
PARALLEL PLATES

Referenes az. 1,xtod at -.he~ end ef the report



The curves are based on an exact conformal mapping solution for bars ex-

tending in width infinitely far from the coupling region, and are appli-

cable with negligible ,-rror for rectangular bars whore widths are greater

than about 0.7 times that of the gap between the surface 3f a bar and the

nearest ground plane.

B. TFCIINICAI. DESCRIPTION

The characteristic impedance, Z., of a lons: as uniform transmis8io0A

linc operat.ng in the TEM mode is related to its shunt can~citance byt

Zo,'E - ohms (,I-I)

where

is the rekl.tivc .iele..tric constant of the medium in
which Lhe wave travels

is the impedance of free space - 376.7 ohms

C/e is the ratio of the static capacitance per unit length
between conductors to the permittivity (in the same units)
of the dielectric medium (This ratio is independent of the
dieloctric constant.)

The even and odd mode impedances of coupled TEM lines i. can be found by

scbstituting een and rid mode capacitances of the lines into Eq. (11-1).

A generalized schematic

diagram of shielded coupled ACOO-CoO)

strip transmission line is ( _ _ . ... '

shown in Fig. 11-2. The cir-

cles represent the coupled cap 0

conduc:tors. The capacitance

to grooind for a single con

ductor when both conductors
FIG. 11-2 GENERALIZED SC?.MATIC DIAGRAM

ev the same potenptial in

-he even-mode capaci,

1ii,, The rapaicitarnce to ground when the two conductors are opposite!v

chi (d ws th resppct t.u ground is C . khe ndd-fliie capa It a5e.

"r st. ructure of Fig. I1-l , emposed of paral I Ie plan~ii anr fces

This mnk,s i . practical to consider the total capacitance of a given Rt rip

'"" II II I ' f 11 ! ¢1 '!1 ...



to be composed of parallel-plane capacitances plus appropriate fringing

capacitences. (Fringing capacitances take into account the distortion of

the field lines in the vicinity of the edges of the plane strips.)

Figure II-i relates thn various capacitances to the geomry of the struc-

ture under consideration. Thus, it can be seen that the total even-mode

capacitance, C0 /e, from one bar Lo ground is

Co,/e = 2(C /e + C'./c + C"'Y) (II 2)

and the total odd-mode capacitance, C.0 ,/e, fro., one bar to gro-,. is

Co/e 2(! ,'e ;'/" + (</e). (IIU

III F.s. (W 2:u -.. -:t apaciLnue

the top or bottom side of one bar to the nearest ground plane, C% is the

capacitance c Krnund from one *-or..er and half the associated vertical

wall in the coupling ragio., of a bar for even mode excitation, C'o is the

capacitance to ground from one corner and half the associated vertical

wall in the coupling region of a bar for odd-mode excitation, and C; is

the capacitance to ground from one corner and half the associated vertical

wall away from the coupling region of a bar for any excitation. Considera-

tion of Fig. 11-2 and the definitions of even and odd mode capacitances

show that the capacitance, AC/C, from one. bar to the other is given by

(1-4* i 2 (C° /E - C,.'e) .(11-4)

2

Subtraction of Eq. (11-2) from (11-3) shows that AC," can be written en

tirely in terns of the fringing capacitances as

AC/C - C' / - C' /c (1-5)

Figure 11-3 is a plot of both even-mode fringing cupa.....

C;,tf, and the ,aphcitance, AC/, between bars as fu',ctiuns of r, I

ie . and spacing while Fig. 11-4 is a similar graph for the odd-mode

fr';,ing capacitance, C;fiE. The derivation of Figa. I-3 and 11-4 i4 de-

4cribeJ in the Appendix. Figure 11-5 gives the ¢'",. ._ I tAS1CC,

C~ie, from the outer edges of t e bars as a function ,r t ', . lhe

parallel plate capacitance, C ,/f, is given by

4
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odd-mode capacitances, C0,.nrl C.., as required by theoretical considerations.
He then wishes to determine the corresponding physical line dimensions. A

simple procedure aLcomplishes this. Using Eq. (1l-i) in Eq. (11-4) gives

t/C - 7 - 1 0 1I-7) "

Values oi b and t are selected, and used with the value of AC/e found froms

Eq. (II-7) to determine S/b directly from Fig. .i-3. Next, C,//. isdo.Ler-

mined by i.sing Z.. in Eq. (If-1), and then Ci',/E and C.'/ ' re found from

t.,'h and from the graphs of Figs. 11.3 and 11-5. These quantities can

substiLuted into the iollowing equatioa to give v/b:

"/ " t Go1 /6. " C; /e - cf/e( I 8))

Equation (TI-8) results from substitution of Eq. (11-6) into Eq. (11-2)

and rearrangement of terms.

Thus, the two unknown dimensions, s/b and r/b, have been determined.

1). CONSIDERATIONS OF ACCURACY

If the L,.r width, r, is allowed to become too small, then there is

interaction of the fringing fields from the two edges, and the decomposi-

tion of total capacitance into pdraiei plane capacitance and fringing

crpacitances (which are based on infinite bar widths), is no longer

accurate. Cohn3 shows thnt for a single bar centered between Parallei

planes, the error in cotpl capacitance from interaction 6f the fringng

fields is about 1.24 percent forw/(b - ) - 0.35, where w is the width of

the bar, t is its thickness, and b is again the ground-plane spacing.

If a maximum error in total capacitance of approximLtcv : ..... -

ioi .lowed, then it is necessary that [(w/b)/(l - t/b)) > u.3. .

Should this inequality be too restricting, it is possible to make

appoximate corrections bazed on increasing the paraliel-plare capacitance

to -.2cmpensate for the loss of fringing capacitance due to interaction of

fringing fields. if sa. initial vajue, 1llb is found tr be less .'an

0.35[1 - (ib)1, a new valie, r,/b can be used, where

w./6 -, (0.07r, - /'b)) + Ib)l .20 (11-9)



provided 0.1 < (w2/b)/[l - (/b)) < 0.35. This formula is based on a
linear approximation to the exact fringing capacitance of single thin strip

for a (w/b)/(l - (/b)] ratio between 0.1 and 0.35. As the relative strip
width becomes narrower than 0.35, the fringizig capacitance, defined as

total capacitance lea parallel plete capacitance, becomes smaller. The
total capacitance is given by substituting into Eq. (11-1) the exact thin-
strip fnrmula for Z. given in Ref. f. Equation (11-9) adds sufficient

parallel-Flate capacitance to compensate for the loss of fringing capaci-

tance. The loss of fringing is assumed to vcry I nearly below a relptive

width of 0.35. Although the formula is a.alytically only approxinae, it
is sufficiently accurate for practical ,ise because it does no more than
give a small correLtiOr. ico a quantity th,.t is reasonably close to the -

exact vvlue. T '- ' ' .- .

The derivations for the fringing capacitances are exact for hers ex-

tpnding In *idLh infirti)c 1 ?. far to the right and left away from the coupling

region. The original computed values were accurate to eight places. However,
in order to give values of fringing cariritance associated with constant t/b,

it was necessary to use graphical inteipolation, as pointed out in the

appendix. The plotted points were held to an accuracy of three figures after
the decimal point, so that the interpolated results are slightly less ac-

ctrate. The curves of Fig. 11-3 and 11-4 are accurate to within about one
or two percent. Howeier, since fringing capacitances are usually not the

predominant pat of the total capacitance of a structure, total capacitance

can be specified with somewhat greater accuracy.

Figure II-5, for the fringing capacitance, C,/e, of a singie bar ex-

tending infinitely far in one direction, is based on an exact solution

given by Cohn.3 The same data can be found from Figs. 11-3 and 11-4 by

reading either C7;. f or C Ile as functions of t/b for large s/b. The ac-
curacy of Fig. I-5 is thus limited by the precision to which the graph

can be read.

E. APPLICATIONS

Figurer 11-3, 11-4, and 11-5 for fringing capacitances can be usee for
a v.,iety of structures, as shown in Fig. 11-6, simply by adding the Appro-

pri-.te fringing capacitances with thk- parellel , .apae-tances to give

the even-mode capacitance, the odd-mctd' rapacitprre, • L:, ta~t capaci-
tance. Use of Eq. (11-1) then giees the a*.ociated characteristic impedance.

9



fil
(a) - b)

, c , 2C,

p Cp

C 2Cp 2Cf c# . ZO c0 . M;0(! a R
(d)

(& -gg!-

FIG. 11-6 POSSIBLE APPLICATIONS

Thus, (a) in Oig. 11-6 shows ordinary shielded strip-line and the capaci-

tances involved when it is open, closed at one end, or closed 3t both

ends.' The structure closed at one end is sometimes called trough-line,

the structure closed at both ends in sometimes called rectangular coaxial

line. Similarly, the even- and odd-mode capacitances and impedances can

be determined for the coupled structures shown in (b) of Fig. 11-6 for

open or closed en&. This simple technique may also be applicable when

the arms of an N-wev pow:er divider in shielded rtrip-line must rur par-

allel for some di.tance, as shown in plan in (c) of F47 IT- T1,. -ven-

mo,j- fringing capacitance, CI,, would then be nppropric t -r annncent

edges of the arm.

Th. &Notte in rig. it.6(s), C1,s (/6) "a C, (Sb/b', do*& ..t indicate M . U.

that 1; ie to be evmlasted at 38/6 or 31 bn ap mpropriate for ;be specias Ir,.e the , .rby .i1.

10
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Both even- and odd-mode fringing capacitances would be necessary forj
multi-element lines, such as are shown in (d) and (e) of Fig. 11-6. The

cross section shown in (d) could be part of a meander or interdigital
line, while that 'n (e) might be part of a finite or infinite array of
elements, which might be used as an artificial dielectric medium.

The curves given herein can be used in Lhe design of wide-band,
paraelel-coupled, strip-tranomiasion-Iine filters, such ns described by

Matthaei.4 Also, Bolljahn and Matthaeis have presented design data for

slow-wave structures and filters using paral~ri .~oupled arrays of line

elements. Some realization of tho!.e devices use relatively wide rCZ2,Lri6U-

lar bars to form an irterdigital liae, comb line, meander line, or siiiie
slow-wave line. In sttch cases, the curves given herein greatly facilitate

the process of pre'-lsicn

Another application of coupled rectangular bars is to strip-line

directions.' couplers, icscribed by Jones and Bolljahn2 , in which the use

of rectangular bats a]llows closer coupling to be achieved with less critical

tolerances.



III AN EXPFMIMFNTAL ELECTRONICALLY TUNABLE UP CONVERTEI

A. DESCHIPTJON OF THE DEVICE

The up-converter discussed herein achieve& electronic tuning over a

,*ide bandwidth by use of a wideband signal input circuit, a wideband pump

input circuit, and a narrow-band lower sideband output circuit. For s

signal to be passed by the ampiifie-', the frequency rel.tion

f . fp - f(l-i)

must be astisfied, where f is the signal input frequency, fP is the pump

freque':y, and f; is the uttput frequency. Since the frequency f; is

fixed by the narrow-band output circuit, the input acceptance frequency

can be controlled by varying the pump frequency. With the use of a

voltage-tunable pump oscillator such as a carcinotron, the amplifier can

e made to be voltage tunable.

Figure 111-1 shows a semi-lumped equivalent circuit for the amplifier.

The varactor diode is resonated in series by cascading it witi, a transmission

line having a high characteristic impedance (Z- 207 ohms). In the circuit

s11aauOe AOUPUT

S4405? Me

C; R, C17 -.

VONAI. o , oi-
rupu- ,N.

,, a !' * : JaI ss O
fee11 mfSWas Me

fo"94aMe AT to,946Me AND 0,49 Me

1Sto 4I9$ me

FIG. III-I EQUIVALENT CIRCUIT OF THE UP-CONVERTER DISCUSSED HEREIN

f 12



as shown, the diode and high-Z0 line exhibit series resonance at f0 , the

center of the input frequency band, and also at f , the center of the

pump-frequency band. On the left is a shunt resonator which is also res-

onant at f0. The shunt resonator on the left plus the f0 series-resonanco

of the diode circuit provide a two-resonitor-input impedance-matching

filter. The shunt resonator on the right (which is resona-t at fP) along

with the fI series-resonance of the diode circuit provide a two-resonator

impedance-matching filter for broadbanding the pump circuit. At the top

of Fig. 111-1 is shown at, output resonator that hps loose, capacitive

coupiing. This resonator has a sharp resonance at the lower-6idcbsnd

frequency, f;, and provides th. 'equit:, lower-sideband ,ermination ard

ouxtkut circuit. Design theory for electronically tunable un-converters

of this sort has been presented previously.6.7

Figure 111-2 showq a simplified drawing of the strip transmission-

line realirai.. of the ircuit in Fig. 111-1. Tho diode used is a

Hughes N896 diode in e computer type of package. The 0.020-inch-diameter

wire leads of the diode provide the high-Z 0 line to resonate the diode.

The input, shunt-tuned circuit is realized as a short inductive stub in

parallel with a capacitor block having thin dielectric at its top and

but, om. The shunt-tuned resonator at the pump input in Fig. I11-1 was re-

placed by a modified form of resonator s consisting oi a nominally quarter-

-wavelength line with inductive coupling to the diode circuit and capacitive

coupling to the pump input line. The lower.zsideband resonator is of the

half-wavelength type, with capacitive coupling to the diode circuit and to

the output line. Capacitively coupled, half-wavelength, band-stop res-

onators were added at the pump and signal input lines to prevent e,ny leak

age of the lower-sideband signal. The signal input line (on the eighty

had a step transformer to raise the input impedance froam 50 to 62 ohms.

Figure 111-3 shows a photograph of the strip-line amplifier with its

cove- plate removed. It had been planned originally to use a quarter-

wavelength resonator for the lower-sideband output utilizing sfl"',',

couping to the diode circuit and capacitive coupling to thle ..- .

This ,however, did not prove entirely satisfactory, since it l-,. ;,I Aca.t

to froke the inductive coupling as tight as desired. As a result, the

rom.'Ist makebhift half-wavelength output re.onator shown in Fig. 11-3

was inserted, using capacitive counJ 7g 4, h tL euilU. it W s nec-.ssar,

to make this output resonator S-shaped in order t-, nz:. *; it. ir:o the

space available. Provision was mbde for applying external bias to the

13



PUMP INPUT
49101 TO 5165 MC

SAND STOP F SHORT CIRCUIT

> -SHUNT INDUCTOR
Zk!, ',JMP RE,(ONATOR l DIODE STUB

SIGNAL INPUT

DC-INiSULATED O0,74 O12M

RF SHORT-CIRCUIT I
BLOCK -~-SIDESANDI SHUNT

RESOhATOR BLOlCK~ [ RESONATOR
(4037 Mc)

SIDESAND OUTPUT
4037 Mc

FIG. 111-2 SIMPLIFIED DRAWING OF THE STRIP-TRANSMISSION LINE
ELECTRONICALLY TUNABLE UP-CONVERTER
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diode by use of a f ine wire lecad seen at the left in Fig. 111 -3, but the

device was operated with the dijode! DK-bias connerticou open-cirruited.

This method (if operation pi-o,ides selVt-hi as when thre diode is pumped.

B. MFASIIBED PERFORMANCE

For a device of this type to be practical it is necess~icy that an

impedance-matching filter be used to broaden the baadwidth of the pump

input cirruiL.6,7 Since most of the pump energy is abso:'bed in the diode

reristance, which is quite small, anti since the rtactarire slope of the

diode-circuit resonance at the pump freq~ency is quite large, ai

low-VSWR natch is not possibie !Iowevt r, the reflection loss can be kept

to a minimum and mad. t,7, Fe quite uniforn across the required pump band--

width by use of a projrcv d~~vieoed .Moed8Wce-Matrcinv f~lter. Fieure TTl-4

'uOW~S Lilt? re liecton loss in the. pump channel of tie ampli-fier, asomoe

from measured VSWR. rhe re fletion l oss is seeni to b e cc, ist ant. A.I thin

tO.2 db from 4.V1 to '.26 G,

Figure 111.5 shows the measured tuning charactercwstics of the amplifier.

The poliiLs on his response wore obua.,ned by setting thie pump frequency, and

then adjusting the single input frequency until an outpu: frequency of ex-

actly 4,037 Mt. was obtained. The output frequency was held direc tly ro

4,J37 Mc winc7e, ini typical cases, an amplifier of th2!: sort might be fol-

lowed by a suro-rheterodvnie :ecei~er of quite narrow bandwidth All of the

points were c;Akeit with an i1,'4CTILe 1u:p10Y ie-el of 67 mw in order to

simulate operation with a pump sou-ce Iia'ing :constarit n.ident output power.

This leve~l of pumping is: less thai giv:ng maximum gacoi but it should

be abhout right for optimum noise figure

The tuning baidiwidtb of the drrplafie: is seen to be 38.5 Percer which

is ini saisfa tov agrEement with the design 4alue of 4U1 percent. The peak

gain of 12.6 db was chonen as a practic ai comprcmise ale. "'Higher gain

can 6e achietd by edjuwtcrng the coupling of the 1j-.ey-scdebiand output

rc i tor. ) S-_nce abou; db of :he gain ' S t Iu O 0., t 1 Quin. !at io

f /.flthe negat >'e- csistarce comp~aenrt of gain ia

th,' of most. paramet-Cl ampilfie-s, %hich makes thc- ampiift- itiativriy

ins(.isit-."e to term~naccon VSWR. However, even with~ a gaiii ,), around

j 1 tile amplifter can stijl ser-, as a low-no ise rceamnpl-fiez as wfeli

as %it electon -unr~e.
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FIG. Iii-4 REFLECTION LOSS AT PUMP INPUT PORT

le 10
z 5O

7 ( C 0 0 o S o 1 0 0 0 1M 0 : 2 0 0 4 0 0

FREQUENCY Mc

FIG. 111I-iFASUR.ED TUNING CHARA CTERISTICS OF UP-CONVERTER
(The outpu t frequency was held fixed at 403' Mc Y "- .. 1..
frequen,:y was varied for each input frequen-:y; incident r.ump
power was a constant 67 nw.)
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C. NOISE FIGURE

At m;dband ti(' resonato-s of the input and output filters are at res-

onance so that the fik:er c.r- u ,t.s present. purely real iencldances to tile

time-varying ccmponent of the dicde capacitance- 6,7 tor iirposes (f analysis

the circuit can they, be reduced to tie simplilicd t t in FIg 111 6.

In :hat figure RbO is the resistanc.e presented by tiir- input f R, B'o

is the resistance coupled in by tic Iower-sid,-1,nd .'d! : rc.,o5 idta ,r P. "-?

the iode r esi starce jIus any it!er s, ei" Ies , ( s s, ar1
• 

sr i-sc n a t !,t wi , l, iid

input frequency f,, wh,.e P, is the dindi' rc !n P j!.- aily , '. .''.t ac-s

resistaice seen at ti-e lower s1ih'l;nd fs intn. Kb], rit il

( I12V21 1 represents the 'ouplkiig c'fe-t of thu t.mc .&."v.ng Ioil..,ien ' 1

tie diode capacit-nce ,n-rid6

(~ X; o  = ! 2)

t2"',f C )I' c i(2.,f ¢:o 2,t'C L -

I ":',,i I iiti-It' -aw ii ,i , defined a i n

dicated b- 01v express lron

( t) C o  t 2C, r( o 217 , t 1 ' 1 1-3)

ful . hte (*llai i t al l,' if it n, t d d ,Ie Iit Fig 111 -6 I? .B . 1? aiwl Bt

t 

ft
AT FREQU!NCV to AT FREQUEN~CY

FIG IP:6 'IFFINMTON OF PA~LiEk I-OR DET ERMINING
THE AMPLIFIER MID-BAND NOISE FIC(L;rL

as uned t b a ' m~e at ro 7 b t lb ro lt~.rvv e t or ,' t.l,1a8



Using the above definitions it can be shown that the midband noise

figure ci'a lowLei-sidebandup-cor.verter is*

(12F + Re + + +' + o
"R 00 O (Xt2X21)0

/ R,i  1) "a (X~ (X 2 2 2X2 ~ Rb~

-- + +

where
T, T:

Ct --- ;'nd .i - - T ,' 
r

a f

Fur the amplifie . approximate values for the various parameters

are Rbo , 62.3, 116 . 11.5, f',/fo - 4.27, (X1 2X 2 1 ) 0  - 410, R. 4, and

R' - 4.75. The R, and R' values given 'include diode resistance plus esti-

iiated resistance due to input and output circuit loss. Assuming that the

amplifier and th ! terminations are all at the same temperature so that

a , a' = 1, the estimated midband noise figure is then 2.1 db. The noise

figure will change some at tuning frequencies other than midband, but it

should not vary nuch within the operating band.

Figu-e 11-7 shows a possible way of operating the amplifier when

extremely highsensitivity is desired. .; this circuit a circulator is

u.ied at the lower-sideband output so that a "cold" termination can be

introduced. Fiecent data 9  indicate that at .* Gc the sky has a temperatire

of about 3"K. Thus, the cold termination could be obtained by pointing a

d~rectionl entc:ii. at the sky. In this manner the circuit shown in

Figure 111-7 would prcvide a cold termination for the lower sideband, while

at t e same time providing a readily accessible output pi,. . ,! -,.

wotid also cause aty excess noise from the superheterodyne re,.,

radi.ai.w to the s.y, which would prevent such excess noise fe" ,.... .. aag

the ;ip-converter noise figure. An isolator is shown at the ;nput of the

up-.-.,nverter which would make the iystem absolutely stble, regardless of

the ,rpaut termination.

This expaiilion asume that the only noise present is the therval moise is /I, Rb0 0.d B41. Suet an
asmuppriaa is u8cly, aatiafaetory.



ANTENNA POINTED A7 SKY T' -

TO PROVIDE 'COLD' LOWER-
SIDEBAND TERMINATION.

ISOLATOR UP-CONVERTER -

INPUTFIXFD - TUNED

IF SUPLRHETEROO'rNE
RECEIVER I.F

OUTPUT

VOLTAGE - TUNABILE 4
PUMP OSL.LLAT--jJ

iV VOLTAGE

FIG. il.7 PZS5iBLE 5)'STEM FOP !!Si' ELECTRONICAtILY TUNABLE UP-CONVERTE~R
WHERE EXTREMELY' Hic.H SENSITIVITY IS DESIRED (The circulator and the
antenna pointed at the sky ore introduced to give an extremely low noise figure.
They are not essential to the operation of the system.)

al gT.=T 29:1 whi le assumnivg T - 5'K, thlen -2 - I and

=0. 01725. The est imated noise figure for the up-converter in Fig 111-7

i s t h an 0. C; d 1 If' t~ie isolator at the input had 1.0 db insertion loss,

t his noise f igurev would ILe raised to 1. Q8 db Assuming that the fixed

tuned superheteio i -v receivpr has a noise figure of' "I db, the midband

sysitem noise figdre would then he 2 78 db (assuming 11 dh) midhiand amnpL-ficr

gain as indica~ed in Fig- 111 5).

Laboratory p~ ocedures to measure the nois,,' fi gure of the amplIi fier

have been started, Luji they have not becen uompleted at thec time of this

wrA Lkng.
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IV CONCLUSIONS

A. COUPLED RECTANGULAR BARS BETWEEN PARALLEL PLATES

The charts of fringing capacit-nces presented should be useful for
a large .riety of microwave enfineering problems. Some applications of

immediate interest are the precision design of irectional cou hIlrs asing

parallel-coupled rectangular bars between ground planes and interdigital

line filters consisting of parallel arrays of bars having rectangular

cross sections.

B. ELECTiHONICALLY TUNABLE UP-CONVERTER

The experimentai e: truuically tunable up-converter performed very

much as predicted by the previously developed theory. 6,' Approximate

calculations previously presented"7 indicate that ic should be practical

to design such devices ior tuning ran,'es as large as an octave. The

previous e~timates along with the results presented herein show that

electronic,-Ily tunable up.converters provide a practical way to obtain

iectronic uning for large bandwidths in frequency ranges extending froin

a few megacy..es up to the ralage where the garnet filters being studied
on this contrict can be used for electronic tuning (2 Gc and higher).

By using the new high-Q diodes, and possibly by using diodes in a push-pull

configuration, electronically tunable up-coiverters having input fre-

quencies significantly above 2 Gc may be pissible. The estimated noise

figure of the triP0 amplifier indicates that it has potential value 4s

a low-noise proamp ifier as well as an electronic tuner.



PROGRAM FObR TIE NEXT INTERVAL

It is anticipated that the w~ork for the next interval w~ll irclude:

(1) Further work on filters wi~h magnetically tunable
,zarnet resonitors

(2) Furtler work on interdigital line lilt rs

(3)' ork on band-stop filters

(4) Work on micruwave filter book.
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APPENDIX

DERIVATION OF FRINGING CAPACITANCES

1. PRELTMINARY

It is desired to determine the static fringing capacitancc. shown on

Lhe structire of Fig. I-I by me~ns -! rcnformal mapping techniques. 
10i

Thl can be done by subjecting the boundaries of the structure to trans-

formations under which capacitance is invariant, and that lead to a new

,. Kown. !ubtraction of parallel pla.

capacitances of the original structure from the toteJ rapcitence then

leaves the frxngint cap..J.'Prces. rhe analysis will be limited to struc-

tures in which the bars are so wide that interaction between fringing fields

of the two edges of a single bar are negligible. As discussed in Sec. II-D,

this requires that the approximate relation {(w/b)/(l - (W/bWlI > 0.35.be

held. Under these conditions it is possible to let the bars extend in width

infinitely far to the left and right without disturbing the fringing fields

appreciably in the coupling region where the cap~citances interact. The

vertical renteriine shown on Fig. 11-1 may be replaced by an electric wall
(conductor) io- the odd mode, or by a magnetic wall for the even mode, in

consideration of the symmetry of the structure. Also, the electric field

can lie parallel to the horizontal centerline where no conductor exists,

bul cannot cross it because of the symmetry. Therefore, a magnetic wall

can be placed along the horizontal centerline. These modifications allow

analysis of only one-quarter of the total symmetrical structure. The

mathematical model is shown on the z-plane in Fig. A-I. Conductors are

indicated by solid lines and magnetic walls by dashed lines. The upper-

case letters denote pertincnt points of the structurc adn wr . '

refc.ences when transformations to different complex planes a,,

fhe anaiysis consists essentially in transforming the contours Uf the

aL.t':ture on the z-plane into a parallel-plate representation on another

compiix ;lane, where capacitance can be computed directly.

The static electric fields of interest lie wIthi.. 0- ., ygon aefined

by the boundaries of the structurc on the z-plane. The interior of this
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z-, -P,NE

1A-

-PLANE

0 0

t-PLANE

u-LAE A- PLANE

polygon is to be mapped onto the first quadrant of the t-plane shown in
Fig. A-1. The integral resaulting from direct use of the Schwarz-

Christoffel transformation is

f tI dt (A-1)

j (1 -kt2)'2(I - kYe sn a)

where, for the present, Ilk and l/kk sn a) are the po-nt: on 6i-

*svie tn which the corner F and the point -j!z *ap from List. Z-planfs
Litegtral car be evaluated by turtiser relating the first quadrant of the
-rpia - to the interior of the fundamental rectangle of Jarobian elliptr-

funcric'nA on the u-plane, also shown en Fig A-i l, L .;'Sfo.-mation

t 0 n u .
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This substitution gives

z cn2 u du (A-3)
j I - k 2 an 2 u sn 2 a

In the above equations, an u and cn u are Jacobian elliptic functions

having a quarter-period 4K determin.d by k, denoted by convention as the

modulus. By virtue of Eq. (A-2), a can be cuu.idered to be a point on

the perimeter of the fundamental rectangle on the a-plane. It is conven-

ient to let

a K j8 (A-4)

by definition. Ill# . . "L. - 1iuepenuenc variizh

The mapping of the z-plane onto the t-plane in this manner his been

carried through by Cork.oft 12 whose symbols are retained in Fig. A-1 and

in the equations given in this section. The distances on the z-plare are

given by Cockroft as

d - K - 'I a za (A-5

g 0 - IT dn a (A-6)
2 k2 an a cn a

K Tdn a a

jh - 1) (A-7)
K 2 k2 an a cn a K

It should be noted that ; is a negative quantity and h an imagir.-,ry one.

The quantity dn a is also a Jacobian elliptic functin- Pn' 7(a) ;. tlp

.iacX.%an Zeta-function. The quantity K" is the same * - t he

compieimentary moduluj k', as K is of k. The moduli ai iciu--d

k2  + k' - 1, (A-8)
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Comparison of Fig- il-i with Fig. A-1 shows that the conventional

nornaliztd dimensions, s/b and t/b, of the rectangular bar structure are

related to Cock rofL' s dli men sio its, d, g , an d 1)i, y

t/b

Thus, thle 'hys I CalI d imens i ons, f t !:e "!!t'Lre of li. j, 1 have I Per- re

Iat-.d to the parameters5 of the u-plane by Eqs. (A-5), (A-6), (A-7), and

(A-Q)

Now it is necessary to transform the t-pianec to a parallel1-plate

structure, c'. Otpr~nine fringing c ai.t.9n~e- a functions of a -plane

parametk :s

2 ODD1 MODE CAPAC ITANCE

The two rectangular bars in Fig. 11-1 are at equal and opposite

voltages when energized in the odd mode, so that the plane midway between

the hars is at zero potential. Thtis, a conductor may be placed in this

plane witliout disturl~inv, 0-P fields. This is indicated by the s;olid line

between E and ! (on the planes of F~ig. Al-I. For this condition, the t-plane

configuration can be transformed to a parallel-plate struicture of unit

height by the function

1 1 t k an a)

whic. moves the Sin.;ularity at AG to infinity. The interesting region of

the is--plane is Ahown in Fig. A-2

Tite frinprinF cplacitanceF

S ' d if fer enitce 1)e twe en t Ite
' 0 C A

tutpa capacitance Df the struc- 0i-- Re- - NW

ture total capaci, ance is the.

sarw- cn [,ot Ii z a:ij. - Pldnevs)

and the parallel-plane FIG. A-2 wv-PLANt FOR W~D-MJODE C,.,-AL f ANCE
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capacitance of the z-plane structure. A reasonable definition for z-plkne

parallel-plate capacitance, C, is parallel-plate capacitance existing be-

tween the ground plane and the full length of the rectangular bar.

Mathematically,

= lim IR(z/g) (A-11)

Then the odd-mode fringing capacitance, C 0 /o, is

C / = rn L(z) Im(z/g)] (,.-L2)

where w(z) is given by Eq. (A-10) related to the z-plane. In order to

- -~ t , hat both w and I., zig) be expressed an

functions of u. The limit must also be in terms of u. From Fig. A-1 it

can be seen th at as - .,lcn.r the path from C to A, then

u - K + jK' - jA/ ilong the path from C to A. Thus

Substitution of Eq. (A-2) into Eq. (A-10) gives

uu) In I + k an a an (A-14)
n - k an a an u;

The limiting process is simplified by letting

a = K + jK' - j/- - j5 (A-15)

where 8 - 0 as u - K + jK' - j/3 along the path from C to A As.umint

very :mall 8, and using various elliptic function equiveleiPres, ". as

may be found in Ref. 13, Eq. (A-14) reduces to

1 1 / cuaodn\ 1
v(u) - In 2 - -- Inj - I (-lb

1- 1 l a1n a 7 T
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Cockroft's12 Eq. (44) gives z(8) as

z(S) - (K + jK' - j/) dn a 7(a
L k 2 s n a cn a

(A 17)

1 dn a P(j(' jbI

sti a cn a 9 + - 2jfL)

Using Eq. (A-17) with Eq. (A-6), aaid passing to the limit of 6 approaching
zero, gives

T_ -. i - "j - - Za)I + - in @(jK' 2j/)

(A-18)

K' I 2kk'K 1In - - - In 8
4K . 2r , 7 77

in Eqs. (A-17) and (A-18), the term 8 is Jacobi's Theta Function." Now

Eqs. (A-16) and (A-18) can be substituted into Eq. (A-13), yielding

1I 2j an a 1 2kk'K K'Ct/ . - In + -In "
77 cn a dn a 27 4K

(A-19)

+ (K' - P) iZla) - 1 In @(jK' - 2j/P)

Zia) j
This is the final form in which odd-mode fringing capacitance will be

presented.

3, EVEN-MODE CAPACITANCE

1+.e two rec?.anuliar bars in Fig. I-i are at tb rahe poLe,,.; "
en:.'Aixed in the even mode, so that no electric field crosses the plane

miA sy between them. Thus, a magnetic wall mky be placed in this plhne

witeout disturbing the fields. This is indicate 4 by t>. A-htd line be-

tween 8 and F on the planes of Fig. A-i. The upper ht-! - 'il elane

is mapped into a strip of unit height on a tj plane in such R manner that

the sirgularity at AG is removed to infinity by Lhe transformation

It



1 k n ij(A 20)

The tpl 1ane i s show, i , Fi 3. Notice that thie upvJur hal f of the

t -pl ant! maps into the strip di rectly below the Re t 1 axi s. The positive

half of this strip is next mapped unto the lower hsqlf of a t2 pnlane, shown
in Fig. A-3, by the transformation

I, I + if C 0! oS 1 (A-2l1

where

' (A-22)
I + r oSt 77t(F) sn2a

D C A

f PLAftJE

-- - - ------ tz.*
A -1 00 0 E Ir0 -6

t- PLANE

w,-PLANE

FIG. A-3 i-PLANE, t2-PLANE, AND wj-PLANE
FOR EVEN.MOft CAPArITAt4CE



Finally, the desired parallel-plate configuration is achieved b~y mappin(g

the lower Ihalf zif the t2-p11le on1to thle Positive half of a strip of unit

eji lit oil the W1 -pniti, isiyit. the tranisformration

U' = are cos!, (-t,)( )

The iw1 -piane is also shown on Fig. A'-3, (onin i-is. (A-2), (-0

(A-21), (A-22), anti (A-23) j'ives vi as a fuincti'Orl 01 U:

77 an2 a sn 2 o La so an an V)2

Xs witi. the odil :iade, it is convenient to use the vuriable 6, defined

by EA1. in~. passitia to the limit. WVhe' Eq. (A-15) is substituted into

:q. (A-24) and apr'ropriat . cpproximat ions aiade for small 5, manipulation

yields

W (u) In 2 + 1.In ( nCGa 2 In S (A-25)
77

Using the definition of z-plione parallel-pldte capacitance given in

Eiq. (A-l1), '.:e even-made fringing capacitance, C'f~/e is

CI

-1 11 li ) - In ()(A-26)

Substitution of Eqs (A-25) and (A-10) into Eq, (A-26) yields, ifter

simplification,

1t I 21__cn a + I 2WKA K'~
-In In -- ---

e 77 an a dn a) 2n 1% 71

(A-17

+KW - AL 2-(a In 01(jh'- j

This is the final formn in which the even-moda fringsnC cap~citaac; will

be given.
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4. DIFFERENCE OF FRINGING CAPACITANCES

The difference between fringing capacitances, C;016 - c;,/C, is a
very useful quantity because ii, most coupled structures it is also half

of the difference between total ndd-mode and even-mode capacitances This

difference is found by subtracting Eq. (A-27) from Fl. (A-19), yielding

C:~0  c;. I -n 50 ,-8
SIn (A-28)

OE e 7 cn 2  a)

5. EVALUIATION OF FORMULAS

The curves of C. ',. Ic rind C;0/e - Cf,,16 as functions of -,/6 and t/b
were determined in thr followi.ng manner. Values of 0 < k < I were selerted

!,a. deter,nined K, K', and k' Then for each value of
k, a range of values of /3/K' was selected from tablesis3 that gave b,(0,k)

cn(i,k'). and dn1(,',k'1 . ',.e functions are related to sn a, cn a, and

dn a by

sn(ak) = dn(/3,k )

cn(a,k) - ik' sn(f k (A 29dn(/.' k'

dn(a,k) - k'
dn(/, k' )

The Zeta function can be expressed as

(,7) k') + kK 2 a n k, C(3, ' (A-30)

where

7 k 0' , k' I

1Thez Theta functioas were evaluated using a Fourier series expision. 12

V'al.... i of t/b, s/b, G;,e andC',,/e - C;,/c were then calculated fro.

Eq. (A.Q9 , (A-27). and (A-28) ar,, t lottU i. a , jnctaoni of ,/K', With k
as parameter. Values of t/b were selected to L. ua6 .,i p~r.-t,.rs on
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the final graph, and the related values ol k and 4Y/K' were taken from the

t/b graph and tabulated. The values of k and lu' at each point were used

to determine related values of s/b, Cf,/e, and Clc- C'f,/e from their

graphs. In this way it was possible to compile values of 31b, C;./c and

C;01e - C,,cfor constant tib. This compilation was used to plot the

final sets of curves shown in Figs. U1-3 and 11-4.
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